The reaction between asRuH2021 (a is NH3) and Pseudomonas aeruginosa azurin at pH 7, followed by oxidation, yields a5Ru(His-83)31-azurin(Cu2+) as the major product. Spectroscopic measurements (UV-visible, CD, EPR, and resonance Raman) indicate that the native structure is maintained in the modified protein. tSherman Fairchild Distinguished Scholar, 1981 §Permanent address:
(Cu2+/l+), 320 ± 2 mV; a5Ru(His-83)3+/2+, 50 + 10 mV.
From measurements of the reduction potentials at several temperatures in the 5-400C range, AIH for intramolecular Ru2+
Cu2+ electron transfer was estimated to be -12.4 kcal mol (1 cal = 4.184 J). Analysis of kinetic data in light of the electron transfer exothermicity indicates that the reorganizational enthalpy of the blue copper site can be no larger than 7.1 kcal moll.
Electron transfer reactions of metalloproteins have been studied extensively in several laboratories in recent years (1) (2) (3) (4) (5) . An important conclusion from these studies is that the rate of electron transfer depends, among other factors, on the distance between the redox sites involved (ref. 6 and references therein). In an attempt to shed additional light on this subject, we have begun to study the electron transfer kinetics of metalloproteins in which redox-active metal complexes are bonded to histidines on the polypeptide chains. The redox centers in these modified proteins are fixed and their distances may be estimated fairly accurately from the crystal structures of the corresponding native proteins.
In previous work we have employed methods similar to that of Matthews et al. (7, 8) to prepare pentaammineruthenium derivatives of horse heart cytochrome c (9, 10) and sperm whale myoglobin (11) . Although the ruthenium redox site in the modified cytochrome c is well over 10 A from the heme site, kinetic studies have established that the intramolecular Ru2+ Fe3' electron transfer rate is at least 30 s- (10, 12, 13 (9) for tryptic hydrolysis, separation of the resulting peptides by reversed-phase HPLC, and amino acid analysis were used with minor modifications. A sample containing 5-6 mg of fraction B in 2 ml of water was denatured for 4 min in boiling water prior to tryptic hydrolysis. The linear gradient for the HPLC separation of the tryptic peptides consisted of 45 ml each of phosphate buffer (49 mM KH2PO4/5.4 mM H3P04, pH 2.85) and acetonitrile, the concentration of the latter increasing from 0% to 45%; the elution rate was 1 ml/min. The absorbances were recorded at 220 nm (peptide bonds) and at 300 nm, which is near the absorption maximum (303 nm) of a5RuHis3+ (19 
Spectroscopic Characterization. The EPR and resonance Raman spectroscopic properties of the native (21) and modified (fraction B) Az are listed in Table 1 . Evidently the electronic and geometric structures of the blue copper site are unaffected by the protein modification. Since the resonance Raman frequencies are the same at 0C and 240C, the copper site also must be insensitive to small changes in temperature. The CD spectra from 280 to 700 nm of the fully oxidized native and modified proteins and from 200 to 350 nm of the fully reduced proteins are similar to each other, which indicates that labeling with the ruthenium complex does not perturb the protein conformation appreciably.
The UV-visible spectra of the native and modified Az are shown in Fig. 1 A and B , respectively. The sole qualitative difference between them is a shoulder at ca. 300 nm in the modified protein; it can be attributed to the a5RuHis3+ chromophore, whose band maximum is at 303 nm (19) . The A625/A280 ratio for fraction B from every preparation is 0.50 or greater, which is an indication of purity. Since the a5Ru-His3+ chromophore absorbs appreciably in the region about 280 nm (19) , this ratio is smaller than the corresponding value for native Az (0.58).
To elucidate the effect of Az labeling upon its absorption spectrum, we normalized spectra in Fig. 1 A and B and subtracted the former from the latter. The resulting difference spectrum (Fig. 1C) can be compared with the spectrum of the [a5RuHis]C13 solution (Fig. 1D) , which is equimolar with the native protein solution. The band maxima at 299 and 302 nm in Fig. 1 C and D , respectively, indicate unambiguously that a histidine residue is labeled with pentaammineruthenium in the modified protein. Moreover, their nearly identical absorbances indicate that the a5RuHis/protein molar ratio is 1:1. However, the difference spectrum contains an additional band at ca. 258 nm, which is absent from the spectrum of a5RuHis3+. If not an artifact of the normalization and subtraction procedures, this band might be due to pentaammineruthenium-labeled methionine residue(s) or to some compound in solution, not attached to the protein.
Modified Site. P. aeruginosa Az contains four histidines and six methionines per molecule. Because His-46, His-117, and Met-121 are coordinated to the copper atom (22) , two histidines and five methionines are potential sites of covalent binding to the a5Ru2+ complex (10) . The method for identification of the binding site by peptide mapping has been described in detail elsewhere (9) , so only the salient features of this analysis, as applied to fraction B, will be presented here. Since only the peptide that eluted at ca. 12 ml in the highperformance liquid chromatogram of the tryptic hydrolyzate absorbs significantly at 300 nm, we concluded that only this peptide contains an 5RuHis31 group. The similarity of the absorption spectra of this labeled peptide ( Fig. 2A ) and of a5RuHis3+ (Fig. 2B) proves that labeling takes place at a histi- with an assignment of this maximum to a5RuHis2+, a chromophore that indeed has a band at 260 nm (19) . The amino acid analysis showed this peptide to contain valine, isoleucine, alanine, histidine, threonine and lysine, a composition that fits exactly the segment 80-85 of P. aeruginosa Az (23).
We conclude that a pentaammineruthenium group is attached to the imidazole ring of His-83. This Ru-N bond in a5Ru(His-83)-Az evidently is not affected by denaturation of the sample at 100°C and by conditions under which tryptic hydrolysis is carried out (9).
The structure of Az (22) reveals that the imidazole of His-83 is located on the surface of the protein and protrudes into the surrounding medium (Fig. 3) The Cu/Ru Ratio. To determine the number of a5RuHis units per molecule of the modified Az (fraction B), we compared its EPR spectrum (Fig. 4A ) with the EPR spectrum of an equimolar mixture of Az and a5RuHis3+ (Fig. 4B) . The samples were fully oxidized, so that both Ru and Cu atoms were "EPR-visible." The positions of the Ru peaks in the two spectra are virtually identical (g values are 2.956 and 2.951 for the modified protein and the mixture, respectively), thereby confirming that pentaammineruthenium is bound to histidine. The ratio of the Ru3+ and Cu2+ signal heights is 0.52 in the modified protein and 0.53 in the equimolar mixture. On the basis of these ratios, we conclude that a molecule of the modified Az (fraction B) contains 1 equivalent of a5RuHis3 -i.e., that His-83 is the only histidine residue labeled.
Reduction Potentials. The reduction potential of blue copper in a5Ru(His-83)3+-Az(Cu2+/1+) was determined spectroelectrochemically at pH 7.0 (0.100 M phosphate buffer). In a previous paper (16) we reported the kinetics of intramolecular electron transfer from aRu(His-83)2" to the Az blue copper (Cu2+). The rate constant is 1.9 ± 0.4 s-1 at pH 7.0 and varies only within the experimental error limits from -80C to 53TC. From these experiments we were able to estimate that the activation enthalpy for intramolecular electron transfer, AH b0, is <0.80 kcal moPl1 The thermodynamic result is of special interest because for intramolecular electron transfer the observed activation enthalpy is equal to the reorganizational enthalpy (AH*U-RU) (25) :
AIo~bs =AHCu-Ru [1] After Marcus and Sutin (26), we write Eq. 2: AHCU-Ru = (AHcu + AHRlu + AHICU-Ru)g [2] where AH*U and AHlu are the reorganizational enthalpies per (Cu2+/1+) and a5RuHis3+/2+ sites, respectively, and AHCU-Ru is the standard enthalpy change for the electron transfer reaction. For AHNU we take 6.9 kcal moPl', which is the calculated value of the reorganizational energy of electron exchange for a5Rupy3+'2 (27) and, on the basis of the data in Table 2 , AH'URU is calculated to be -12.4 kcal molP. Thus, with AHCu-RU -0,80 kcal mol', an upper limit of 7.1 kcal mol' is obtained for the total (inner-and outer-sphere) reorganizational enthalpy of the blue copper site.
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